The roles of different ribonucleotide reductases (RNRs) in bacterial pathogenesis have not been studied systematically. In this work we analyzed the importance of the different Pseudomonas aeruginosa RNRs in pathogenesis using the Drosophila melanogaster host-pathogen interaction model. P. aeruginosa codes for three different RNRs with different environmental requirements. Class II and III RNR chromosomal mutants exhibited reduced virulence in this model. Translational reporter fusions of RNR gene nrdA, nrdJ, or nrdD to the green fluorescent protein were constructed to measure the expression of each class during the infection process. Analysis of the P. aeruginosa infection by flow cytometry revealed increased expression of nrdJ and nrdD and decreased nrdA expression during the infection process. Expression of each RNR class fits with the pathogenicities of the chromosomal deletion mutants. An extended understanding of the pathogenicity and physiology of P. aeruginosa will be important for the development of novel drugs against infections in cystic fibrosis patients.
A critical step in the life cycles of all types of organisms is cell division with high-fidelity duplication of the DNA. Ribonucleotide reductases (RNRs) are essential enzymes for this step, since they control the sole de novo pathway to the deoxyribonucleotides (dNTPs) required for DNA synthesis and repair. Three major classes of RNRs (I, II, and III) are known, differing in their cofactor requirements and quaternary structures (23, 31) . Class I RNRs are generally homodimeric proteins (␣ 2 ␤ 2 ) with a larger subunit (␣) containing the catalytic and the allosteric domains and a small subunit (␤) carrying a stable tyrosyl radical linked to a diiron-oxo center required for radical generation. Since this process requires oxygen, class I enzymes function only aerobically. This class is found in almost all eukaryotes and some microorganisms (20) . Class II RNRs are monomeric or dimeric (␣/␣ 2 ), require 5Ј-deoxyadenosylcobalamin (AdoCbl) (vitamin B 12 coenzyme) for radical generation, and are oxygen independent. This class is mainly found in eubacteria, archaea, and some eukaryotic unicellular microorganism (20) . Class III RNRs are homodimeric (␣ 2 ) and contain a stable oxygen-sensitive glycyl radical formed by Sadenosylmethionine (SAM) and a second protein (␤ 2 ) that it is not required for catalysis once the radical has been generated. This class is functional only under strict anaerobic conditions, and it is found in eubacteria, archaea, and a few unicellular eukaryotes (20) . Interestingly Pseudomonas aeruginosa contains functional genes for all three RNR classes (I, II, and III) transcribed in separate operons; the three classes are encoded by the nrdAB, nrdJab, and nrdDG genes, respectively (15) . In previous work we have characterized the aerobic expression of the nrdA and nrdJ genes as well as their biochemical and biophysical properties (29, 32) . However, the roles of the different RNR classes in P. aeruginosa pathogenesis remain unknown.
P. aeruginosa is a Gram-negative bacterium and a major opportunistic pathogen in diverse hosts. It has the ability to change metabolism and properties to survive various environmental conditions both outside and inside infected organisms. In nature, P. aeruginosa frequently inhabits environments where anaerobic niches develop and often grows in biofilms (33) . In humans it is the major cause of nosocomial infections and is frequently associated with infections in immunocompromised patients and with chronic lung infections in cystic fibrosis (CF) patients, where it is the principal cause of morbidity and mortality (21) . Recent evidence suggests that the microbial environment in the CF lung is largely anaerobic and that cells of P. aeruginosa persist in the CF lung in very robust anaerobic or hypoxic biofilms (4) . Under these conditions, the activity of at least one RNR is crucial for the constant supply of dNTPs. As there is increasing evidence that genes involved in anaerobic respiration are linked to virulence of bacteria (2, 9, 11) , the role of each RNR during infection is of prime interest and RNR could be considered a good target to inhibit the growth of P. aeruginosa in chronic infections.
In this work we have studied the expression of each RNR class during aerobic and anaerobic growth of P. aeruginosa as well as their roles during infection. There is a shift in nrd expression during infection, with induction of nrdJ and nrdD expression and concomitant repression of nrdA transcription.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli and P. aeruginosa strains were cultivated in Luria-Bertani medium (LB) at 37°C. Antibiotics and chromogenic substrates were added at the following concentrations: ampicillin, 50 g/ml; chloramphenicol, 30 g/ml; gentamicin, 10 g/ml (E. coli) and 100 g/ml (P. aeruginosa), 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside, 30 g/ ml; carbenicillin, 500 g/ml; and tetracycline, 50 g/ml.
Recombinant DNA and PCR methods. Plasmid and chromosomal DNAs were isolated using the QIAprep Miniprep or DNeasy tissue kit (Qiagen), respectively. Isolation of DNA fragments from agarose gels was performed using the QIAquick gel extraction kit (Qiagen). PCRs were carried out using High-Expand Taq polymerase (Roche) according to the manufacturer's instructions. Other molecular biology techniques were carried out by standard procedures (24) .
Growth curves. Strains were grown aerobically or anaerobically in minimal M9 medium (24) and monitored spectrophotometrically at an optical density of 540 nm. Anaerobic growth was performed as described previously for E. coli (10) with the addition of 10 g/liter KNO 3 .
Construction of P. aeruginosa nrd mutants. For all three genes a pair of DNA fragments was obtained using primer pair 1mut-2mut and 3mut-4mut, corresponding to DNA fragments at the 5Ј and the 3Ј ends, respectively ( Table 2) . After gel purification, each band was digested with BamHI, ligated with T4 DNA ligase (Fermentas), and PCR amplified using only primers 1mut and 4mut to generate a deleted version of each nrd gene. The DNA fragments for the nrdA (1,034 bp), nrdJ (900 bp), and nrdD (830 bp) deletion genes were cloned into the pGEM-T vector. The tetracycline resistance (Tc r ) gene was retrieved from the plasmid pUTminiTn5-Tc (8) by digestion with SmaI and inserted into each deleted nrd gene previously digested with BamHI and end filled with Klenow (Fermentas). The nrd deletion alleles with tetracycline resistance were cloned into the pEX18Gm vector previously digested with HindIII and SacI, generating plasmids pETS147, pETS148, and pETS149, and introduced into P. aeruginosa PAO1 by conjugation (29) . Corresponding chromosomal deletions were identified following counterselection on tetracycline-and sucrose-containing medium (13) . True P. aeruginosa mutants ETS102 (⌬nrdJ) and ETS103 (⌬nrdD) were verify by Southern blot and Western blot analyses (Fig. 1) . Complementation plasmids (pETS159 and pETS160) were constructed by cloning the nrdJab and nrdDG operons under the control of their respective native promoters into plasmid pBBR1MCS-5 (Table 1) .
Southern blot and Western blot analyses. Genomic DNA was digested with PstI for the nrdJ mutants and with NcoI for the nrdD mutants. The nrdJ and nrdD probes were obtained by PCR using primers 3mutJBHIup-4mutJSllw and 3mutDBIup-4mutDSIlw, respectively (Table 2) , and labeled with [␥-32 P]dATP. Membranes were hybridized with the nrdJ and nrdD probes as described previously (28) .
Western blot analysis was carried out as described previously (30) using NrdJ and NrdD polyclonal antibodies (Agrisera, Sweden) at a 1:500 dilution.
Fly infections. Drosophila melanogaster flies were maintained on standard corn meal agar medium in vials at 25°C. Oregon R flies were used as a wild-type host strain. P. aeruginosa overnight cultures were washed once in phosphate-buffered saline (PBS) (pH 7.2) and diluted to an A 540 of 0.1. The bacterial suspension was injected into the dorsal thorax of flies (age 3 to 4 days) using a glass capillary with a microinjector (TriTech Research, CA). P. aeruginosa injection inocula (Ϸ30 cells) were quantified by transferring cells from the tip of the needle to a LB agar plate. At 21 h after infection and at the end of the experiment, the number of bacteria from 10 flies from each condition (wild type, ⌬nrdJ, and ⌬nrdD) was analyzed.
Construction of the promoter-probe vector (pETS130-GFP) and nrd promoter fusions. The promoter-probe vector pETS130-GFP was made by cloning the BamHI-KpnI fragment containing the green fluorescent protein (GFP) promoterless part of pMIG(Gm) (14) and the fragment from pJN105 (22) , which contains a broad-host-range origin of replication, a conjugative region, and gentamicin resistance. Each nrd promoter region was amplified by PCR using a combination of forward/reverse primers ( Table 2) . Each fragment (772 bp, 184 bp, and 189 bp for nrdA, nrdJ, and nrdD, respectively) was gel purified and cloned in the pGEM-T vector. After digestion with BamHI-ClaI for nrdA and nrdJ and with BamHI-XmaI for nrdD, fragments were ligated into pETS130-GFP, generating the pETS134, pETS135, and pETS136 plasmids.
GFP measurements. Five to 10 flies infected with P. aeruginosa cells containing plasmids (pETS130-GFP, pETS134, pETS135, or pETS136) were homogenized at the designated time points in 500 l PBS, and serial dilutions were plated on LB agar plates and incubated at 37°C for 24 h to determine the number of bacterial cells per fly. GFP values from the homogenates were measured using a FACSCalibur flow cytometer (Becton Dickinson), while data collection and analysis were performed using the CellQuest software (Becton Dickinson).
Statistical analysis. Survival curves were plotted using Kaplan-Meier analysis, and differences in survival rates were analyzed by the log rank test (GraphPad 
RESULTS
Construction and characterization of the P. aeruginosa nrd mutants. We constructed ⌬nrdJ and ⌬nrdD mutants by inserting a tetracycline cartridge into the wild-type genes. Successful chromosomal integration was verified by Southern blot hybridization demonstrating the integration of the tetracycline resistance gene in the nrd genes (data not shown). Additional verifications of the ⌬nrdJ and ⌬nrdD mutations were done by Western blotting of aerobic and anaerobic cultures (Fig. 1) . NrdJ is expressed in the wild type under both aerobic and anaerobic conditions, whereas NrdD is expressed only weakly compared to NrdJ during anaerobiosis. Interestingly, in the ⌬nrdJ mutant NrdD is expressed even under aerobic conditions. None of the mutants had any growth defects based on aerobic growth curves in LB medium (data not shown). Using the same mutation strategy described in Materials and Methods, we did not obtain any viable mutation in the nrdA gene.
Some colonies were obtained when the conjugation was performed anaerobically, but they died in traces of oxygen (data not shown). The nrdA and nrdB genes are essential when P. aeruginosa is growing aerobically in LB medium (29) . This result is also supported by the fact that no nrdAB mutants were found in a nonredundant transposon insertion in P. aeruginosa PA14 (19) , demonstrating the essentiality of the nrdAB genes under aerobic conditions. Importance of the different nrd genes under aerobic and anaerobic growth conditions. We grew the wild-type strain and nrd mutants in synthetic minimal medium (M9) aerobically and anaerobically (see Fig. S1 in the supplemental material) with and without hydroxyurea (HU) and 5Ј-deoxyadenosylcobalamin (AdoCbl). Hydroxyurea is a potent class I RNR inhibitor with a tyrosyl radical-scavenging activity (31) , and it mimics class I RNR deficiency in P. aeruginosa (15, 29) . AdoCbl is a cofactor required for class II RNR activity (29) . Aerobically, the wild type and the ⌬nrdJ and ⌬nrdD mutants alone and/or with AdoCbl showed the same growth rate, reaching an A 540 of Ϸ2.5 after 21 h (Table 3 ; see Fig. S1 in the supplemental material). In this case all aerobic RNRs (NrdA and NrdJ) would be functional. The NrdD enzyme is completely inactive under these conditions. A significant difference was observed when HU was included in the medium (HU inhibits class I RNRs and thus mimics NrdA deficiency), with some growth decrease (A 540 Ϸ 1.5) in the wild-type and ⌬nrdD mutant strains; in both cases the class I RNR is inactivated and the only way to produce dNTPs is by the NrdJ enzyme. Western blot analysis of some growth curve samples from the wildtype strain showed an increased expression of NrdJ (Table 3; see Fig. S1 in the supplemental material) . On the other hand, Table 3) . Under this condition NrdJ and NrdD can function in the wild-type strain, but only NrdJ is active in the ⌬nrdD mutant strain. However, the ⌬nrdJ mutant had an imbalanced growth (A 540 Ϸ 0.5), and only NrdD can function anaerobically in the absence of NrdJ and NrdA. The addition of HU had no effect anaerobically, and AdoCbl enhanced the growth of the wild type and the ⌬nrdD mutant but did not affect the growth of the ⌬nrdJ mutant (Table 3 ). Western blot analysis of some samples shows NrdJ overexpression (Table 3; see Fig. S1 in the supplemental material), corroborating our previous results (29) and demonstrating that NrdJ is the RNR working under anaerobic conditions. The results of the Western blotting shown in Fig. 1 corroborate these results and show that NrdJ is overexpressed in the ⌬nrdD mutant and that NrdD is overexpressed in the ⌬nrdJ mutant.
nrdJ and nrdD are important for virulence in P. aeruginosa. Although the roles of the different nrd genes were tested in minimal medium and with different oxygen tensions, their importance in virulence in P. aeruginosa has not yet been established. We decided to analyze the pathogenicity of P. aeruginosa nrd mutant strains using the D. melanogaster systemic model of infection. Flies are well-established hosts for studying bacterial virulence mechanisms (1, 6) .
Injection of the same number of wild-type or mutant bacteria (⌬nrdJ or ⌬nrdD) showed different killing behavior in flies. Control flies injected with PBS quickly recovered from injury. Wild-type P. aeruginosa caused 50% of the flies to perish at 21 h postinfection, and all flies were dead by 27 h, as has been shown by others (1) . In contrast, 50% mortality of the ⌬nrdJ and ⌬nrdD mutant-infected flies did not occur until 23.5 and 25 h postinfection, respectively, increasing their survival by 2 h 30 min and 4 h, respectively, compared to the wild-type infection (Fig. 2) . These results are statistically significant (P Ͻ 0.001) by the log rank test (1) . To correlate loss of function of nrdJ and nrdD to pathogenicity, these mutations were complemented with corresponding wild-type alleles (pETS159 and pETS160), restoring the wild-type phenotype (Fig. 2) . The wild-type strain transformed with pBBR1MCS-5 did not show any change in the survival curve (data not shown). At 21 h after infection, flies infected with wild-type P. aeruginosa contained approximately 4 times more bacteria than flies infected with ⌬nrdJ or ⌬nrdD bacteria. However, at the end of the experiments, flies from each condition contained comparable levels of bacteria, clearly showing that the mutations in the nrdJ and nrdD genes display attenuated pathogenicity in P. aeruginosa during the infection due to reduced multiplication efficiency.
Shift in nrd gene expression during P. aeruginosa infection. To measure the expression of each nrd operon during the course of infection, we injected flies with the wild-type P. aeruginosa strain carrying the GFP control plasmid or the nrdA, nrdJ and nrdD promoter fusions. At different time points of infection we homogenized a pool of flies (5 to 10, depending on the time point) and measured the GFP fluorescence. We used a high-intensity GFP variant (GFPmut3) that, together with flow cytometry, allows optimal separation of green-fluorescing bacteria from background noise and insect cells (12) . Figure 3 shows induction of expression of different nrd genes during the infection. The control plasmid without a promoter fusion showed no changes in GFP intensity during the experiment. There was no induction in nrdA expression in the first hours, with the same level of expression throughout the infection, until the last time point, when it was doubled. However, expression of both nrdJ and nrdD was highly induced, approximately four times compared to nrdA, during the first hours of infection. Significantly, there is a clear shift in nrd expression during P. aeruginosa infection in flies.
DISCUSSION
Recently, large genome-sequencing projects have highlighted a tremendous variation of RNR combinations in bacteria, but an understanding of this redundancy is still lacking (20) . In Gammaproteobacteria, for example, different pathogens carry different sets of RNR genes. All Enterobacteriaceae species encode two aerobic RNRs (Ia and Ib) and one anaerobic RNR (III), Actinobacillus pleuropneumoniae encodes two Ia RNRs and one III RNR, Vibrio cholerae encodes Ia and III RNRs, and Legionella pneumophila encodes a Ia RNR. P. aeruginosa encodes three different RNR classes (15) , one aerobic (Ia), one B 12 dependent (II) (29, 32) , and one anaerobic (III). No information is known about their genetic regulation and the functionality of the different RNR classes in P. aeruginosa.
In this study we provide novel insights on the functions of different RNRs in the human pathogen P. aeruginosa and especially in its infection process in a model system. The presence of three different RNR classes possibly reflects its needs to adapt its growth under specific conditions or during infection.
Which RNR classes are normally expressed in P. aeruginosa when it is growing aerobically or anaerobically? Under aerobic conditions the situation is easy to explain, as class I and II RNRs can function aerobically and drastically reduced growth was observed when both classes were inactivated (Table 3) . Class II can complement a class I deficiency (generated by the addition of HU, which inactivates class I RNRs), especially when the class II-specific cofactor AdoCbl is supplemented. This result is in agreement with previous observations that addition of AdoCbl allows the class II RNR to be fully functional (29) . The situation under anaerobic conditions is more complex and probably reflects the synergistic effects of the anaerobic RNRs (NrdJ and NrdD). The nrdJ mutant showed some growth, but to a lesser extent than the nrdD mutant, which indicates a major role for NrdJ in anaerobic metabolism. Since both enzyme systems support anaerobic growth, a double mutation in nrdJ and nrdD will be needed to completely knock out anaerobic growth. Unfortunately, several attempts to obtain such a mutant failed. As a major conclusion, the class II RNR is clearly a versatile enzyme able to complement other RNR deficiencies both aerobically and anaerobically.
However, what is the situation when P. aeruginosa infects? Few studies have been done to elucidate the importance of each RNR class during infection when more than one RNR is encoded in a given organism's chromosome (7, 16) . During infection, P. aeruginosa is growing and dividing quickly, requiring a high and constant supply of dNTPs necessary for DNA replication, and therefore the different nrd genes need to be Flies that died within 3 h of injection (Ͻ2%) were excluded from the survival analysis. Each experiment was done in triplicate on different days. Survival rates were expressed as means and standard deviations for 4 groups of 50 flies in three independent experiments. For all comparisons, the difference between wt/⌬nrdJ, wt/⌬nrdD, and ⌬nrdJ/ ⌬nrdD was statistically significant (P Ͻ 0.001) using the log rank test (GraphPad Prism 5.0). At 21 h the numbers of bacteria in the flies were 2.65 ϫ 10 7 Ϯ 2.3 ϫ 10 7 CFU/ml (wild type), 6.35 ϫ 10 6 Ϯ 4.9 ϫ 10 5 CFU/ml (⌬nrdJ), and 6.8 ϫ 10 6 Ϯ 4.2 ϫ 10 5 CFU/ml (⌬nrdD), and at the end of the experiment they were 4.7 ϫ 10 8 Ϯ 0. The significance of the NrdJ and NrdD RNRs during infection is corroborated by the nrd expression pattern within the fly. nrdJ and nrdD are expressed when Pseudomonas proliferates during the first hours of infection, and the nrdAB operon seems to be repressed within the flies shortly after the infection. Clearly our results indicate a shift in expression of nrd genes initially and during the course of the infection.
A common feature of class II and III RNRs is their ability to function anaerobically. Furthermore, class II seems to respond to DNA damage, which is probably a condition that Pseudomonas encounters during infection (29) . Our results point to an additive effect of class II and III RNRs, especially during the first stages of the infection, conceivably because anaerobic conditions are found inside the flies. Pseudomonas establishes a progressive and lethal infection in Drosophila after 24 h, when the levels of bacteria reach 10 8 CFU/ml. The conditions are probably anaerobic or microaerophilic when the pathogen enters the fly, whereas it may experience more aerobic conditions during progression of the infection when all tissues are disrupted with many cavities (18) where oxygen can diffuse easily. At these points the activation or expression of class II and III RNRs is no longer necessary. The bacteria can invade and proliferate in fly tissues, and the ability to cause maximum lethality correlates with the kinetics of invasion and proliferation (18) and with the shift in expression of the different RNR classes encoded in P. aeruginosa. Surely which transcriptional factors are expressed during the various phases of the infectious process will dictate which RNR genes are expressed.
Bacterial pathogens are exposed to various environments during infection, and all proteins may not function under all physicochemical conditions. One of the environmental conditions that Pseudomonas faces is anaerobiosis. The establishment of chronic Pseudomonas infections correlates with the formation of a biofilm structure with clusters of cells encapsulated in a polymeric matrix (5, 26) . Internal parts of the biofilm are deprived of oxygen and nutrients (4) . Surely the RNR functionality needs to be adapted to the oxygen availability during an infection. In this sense, the different RNR classes could be defined as ecoparalogs, i.e., paralogous proteins that perform the same enzymatic reaction but are optimized for different ecological niches (25) . The genetic complexity helps P. aeruginosa to adapt to different ecological niches (27) .
In conclusion, we show that a fine-tuned expression of nrd genes is important for the pathogenicity of Pseudomonas in Drosophila. Identification of which genes are important during infection may help to identify potential targets as novel candidates for antimicrobial therapy. RNR could be considered such a target, as it is a key enzyme for replication of the vast majority of pathogens.
